Since the discovery of fullerenes a new dimension has been added to cluster science: the search for new materials consisting of clusters. However, such materials are metastable and they can only exist, if there is a barrier for reactions with identical clusters and with the substances used in the processes of extraction and separation. Few cluster materials are known at present. Most famous are the various new materiw x als consisting of fullerenes like C and C 1 .
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These clusters are closed-shell species with a rela-Ž tively large HOMO-LUMO gap HOMO: highest occupied molecular orbital, LUMO: lowest unoccu-. pied molecular orbital . The most stable species C 60 has a HOMO-LUMO gap of 1.7 eV, while the gap w x for the less stable C is ; 1.0 eV 2,3 . Generally,
) Corresponding author. Fax: q49 7531 883091; e-mail: gerd.gantefoer@uni-konstanz.de the barrier for possible reactions between two neighboring clusters may be correlated with the energy gap between the electronic ground state and the first excited state of a cluster. For a free cluster, this quantity can be derived by anion photoelectron spectroscopy.
Recently, the existence of such materials consisting of metal clusters has been predicted. One such w x candidate is Al K 4,5 . The chemical inertness of 13 the Al y anion has been demonstrated experimentally 13 w x 6,7 . This can be explained in terms of the jellium w x model 8 by the shell completion occurring at 40 Ž . electrons aluminum is trivalent . The neutral Al 13 cluster is an open-shell species with one electron less than a closed shell. A potassium atom donates one electron to the Al and, therefore, Al K has been 13 13 w x predicted to be a stable neutral cluster 4,9,10 . Due to the strong charge transfer Al y may be viewed as 13 a 'giant ion' and therefore a building block of a q y w x hypothetical ionic crystal K Al 4 . has been found and explained by the shell closing at w x 40 electrons 12 .
In addition to such ionic contributions one should also take into account a more covalent bonding situation for the interaction of hydrogen with Al . In 13 this case the formation of deep-lying bound states of the Al with H would also lead to a stable closed- 13 shell Al H cluster with a non-zero gap. 13 To gain more information about the interaction of hydrogen with aluminum clusters, we recorded photoelectron spectra of Al H y clusters and per- 14 . The vibrational temperature of the clusters can be determined from vibrationally resolved photow x electron spectra and is ; 300 K 13,15 . The anions are mass-separated using a time-of-flight reflectron mass spectrometer. The reflectron is designed for optimum transmission and allows for the focussing of the anion beam into the center of a 'magnetic w x bottle' time-of-flight electron spectrometer 15 . Under these conditions a mass resolution of mrD m ) 350 has been achieved. A selected bunch of clusters is irradiated by a UV-laser pulse and the kinetic energy of the detached electrons is determined from their time-of-flight to the electron detector. The photon energy is 4.66 eV and the pulse energy is kept below 10 mJrcm 2 to avoid multiphoton processes.
The energy resolution of the electron spectrometer is ; 20 meV. Ž . high BE marked X has a similar position and shape as in the spectrum of Al H y . 13 1 In the spectra of the neighboring clusters Al y and 12 Al y the hydrogen induced changes are less obvious.
14 The spectra of the bare clusters exhibit three peaks Ž . Fig. 2a and g, marked A, . h, i . The positions, shapes and relative intensities show slight variations compared to the spectra of the bare clusters, but no dramatic changes are observed. The electron affinity is almost unchanged by the hydrogen uptake. Comparable, relatively small changes have been found for all other Al H y clusn m w x ters with n s 2-14 studied so far 17 .
To explain the measured spectra, we performed self-consistent, 'ab initio', density functional calculations for the different clusters. The applied method is Ž . an LCAO linear combination of atomic orbitals Ž . scheme within the local spin density approximation Ž Ž . . L S DA of density functional theory. We used the Ž . w x code 'adf' Amsterdam density functional 18,19 , which has the following characteristics: For the wavefunctions an LCAO ansatz was used. The basis set used has triple-zeta quality. All integrals were solved numerically with Gauss-Legendre based integration algorithms, where the space is separated in a special manner. The densities are fitted to a sum of Slater-type functions to simplify the calculation of the multicenter Coulomb integrals.
The close-packed structure of an Al cluster with 13 the highest average coordination number is an icosahedral one. In the neutral cluster the symmetry is slightly lowered by a Jahn-Teller distortion. The Ž . calculated molecular orbital MO diagram for Al 13 is drawn in Fig. 3 , which also shows the valence Ž . atomic orbitals of Al 3s, 3p ; the HOMO is half occupied. The addition of a further electron -leading to Al y -stabilizes the perfect icosahedral sym-13 metry and gives a closed-shell system with a gap of Fig. 3 . MO diagrams of neutral Al and Al H. For comparison 13 13 Ž the corresponding energies of the atomic valence orbitals 1s H;
. 3s, 3p Al are given also. The energies are calculated orbital energies within LDA, which are not directly related to the ionization energies. Dashed lines indicate orbitals of Al H with large 13 hydrogen contributions, full black bars correspond to occupied orbitals and grey bars to unoccupied ones. The uppermost occupied orbital of Al is only half occupied. 13 1.9 eV in agreement with an earlier prediction from w x Khanna and Jena 11 . The calculated adiabatic ionization energy is 3.6 eV in excellent agreement with Ž
1
. the experimental finding 3.5 eV , see Fig. 2d .
The addition of a hydrogen atom to the Al 13 cluster induces only a small disturbance of the high symmetry. The changes in the MO diagram can be seen in Fig. 3 and deep-lying bound states can be identified. Therefore, the hydrogen is strongly bound Ž to the Al cluster by ; 3.4 eV similar to the 13 w x. binding energy calculated by Khanna and Jena 11 .
y Ž The narrow peak X in the spectrum of Al H Fig.   13 . 2e might be attributed to the hydrogen induced level Ž . ; 1 eV below the HOMO of Al H see Fig. 3 . 13 The bond may be characterized as covalent with an almost neutral hydrogen and deep-lying H-Al 13 Ž bound states. The HOMO is fully occupied closed-. shell system with an energy close to that of Al . 1 In most cases adiabatic ionization energies cannot be determined from electron spectra. However, the onset of the electron signal al low binding energy can be compared with the calculated adiabatic ionization energy. We determined this onset by fitting a straight line through the steepest part of the slope of the increasing electron signal at threshold and took the intersection of this line Ž . with zero as the threshold energy 3.5 eV . . 2e respectively confirm this assignment of the HOMO-LUMO gap of the neutral Al H cluster. 13 A second hydrogen atom can be bound to the Al 13 cluster. However, the binding energy is only 1.3 eV Ž . Fig. 5 and considerably smaller than that of the first one indicating saturation. Like Al , the Al H . Al H see Fig. 2f . 13 2 In conclusion, we present photoelectron spectra and LDA calculations of bare and reacted Al H 
